Mechanical injury of neurites accompanied by rupture of mitochondrial membranes may lead to immediate nonspecific release and spreading of pro-apoptotic factors and activation of proteases, that is, execution of apoptotic program. In the current work, we studied the time course of the major biomarkers of apoptosis as they are induced by exposure of rat cortical neurons to mechanical stretch. By using transmission electron microscopy, we found that mitochondria in the neurites were damaged early (1 h) after mechanical stretch injury whereas somal mitochondria were significantly more resistant and demonstrated structural damage and degenerative mitochondrial changes at a later time point after stretch (12 h). We also report that the stretch injury caused immediate activation of reactive oxygen species production followed by selective oxidation of a mitochondria-specific phospholipid, cardiolipin, whose individual peroxidized molecular species have been identified and quantified by electrospray ionization mass spectrometry analysis. Most abundant neuronal phospholipids -phosphatidylcholine, phophatidylethanolamine -did not undergo oxidative modification. Simultaneously, a small-scale release of cytochrome c was observed. Notably, caspase activation and phosphatidylserine externalization -two irreversible apoptotic events designating a point of no return -are substantially delayed and do not occur until 6-12 h after the initial impact. The early onset of reactive oxygen species production and cytochrome c release may be relevant to direct stretch-induced damage to mitochondria. The delayed emergence of apoptotic neuronal death after the immediate mechanical damage to mitochondria suggests a possible window of opportunity for targeted therapies.
Introduction

S
everal interrelated pathways of cell death -necrosis, autophagy and apoptosis -can occur after traumatic brain injury (TBI) (Brophy et al., 2009; Clark et al., 2008; Liu et al., 2008; Pedersen et al., 2009) . The major biological role of apoptosis is to eliminate cells with irreparably damaged DNA to prevent spillover and penetration of the genotoxic contents into surrounding proliferating cells (Fadeel, 2003) . Cell death program includes a series of mitochondrial events culminating in activation of protease (caspase) cascades -a point of no return in apoptosis (Polster and Fiskum, 2004; Samali et al., 1999; Zhivotovsky et al., 1999) . Among early mitochondrial events are the production of reactive oxygen species (ROS), translocation of pro-apoptotic Bcl-2-family proteins Bax and Bak, permeabilization of mitochondrial membrane, and release of pro-apoptotic factors into the cytosol (Cardaci et al., 2008; Kroemer et al., 2007; Lahiry et al., 2008; Li et al., 1999; Polster and Fiskum, 2004) . This highly coordinated chain of events provides for complete and effective disassembly of intracellular contents -the goal of apoptosis (Fadeel, 2003; Kroemer et al., 2007) .
Neurons contain two different pools of mitochondria -one in synaptic terminals, and the other in the central soma (Lai et al., 1977) . Although genotoxic effects and their consequences may represent only a limited risk for post-mitotic neurons, damage to their mitochondria may trigger proapoptotic events. In particular, mechanical injury of neurites resulting in rupture of mitochondrial membranes may be associated with elevated risk of apoptosis caused by nonspecific release of pro-apoptotic factors and activation of proteases (Arundine et al., 2004; Bayir et al., 2007; Fiskum, 2000; Slemmer et al., 2008) .
Establishing and understanding the mechanisms underlying TBI-induced neuronal death may be important for developing new therapeutic strategies based on the prevention of the spreading of apoptotic signaling by blocking the upstream events. One of them is recently discovered interactions of a mitochondria-specific phospholipid, cardiolipin (CL), with an inter-membrane space protein, cytochrome c (cyt c) (Iverson and Orrenius, 2004; Kagan et al., 2005; Petrosillo et al., 2006) . These two molecules form a complex with peroxidase activity that catalyzes CL peroxidation, and facilitates mitochondrial permeability transition and release of proapoptotic factors, including cyt c, into the cytosol (Kagan et al., 2005) . Prevention of cyt c release may be achieved by suppression of CL oxidation (Borisenko et al., 2008; Jiang et al., 2008; Kagan et al., 2009 ). Experimentally, this may be tested using an in vitro impact model of mechanical stretch to neurons where the rupture of mitochondria is not complicated by other cell-cell interactions affecting the pro-apoptotic events.
Here, we studied the time course of the major biomarkers of apoptosis induced by mechanical stretch in cortical neurons. We hypothesized that mechanical stretch injury of neurons is associated with immediate damage to mitochondria in neurites and subsequent triggering of apoptosis accompanied by CL oxidation. We report that the stretch causes immediate damage to neurons that includes CL oxidation and cyt c release. The secondary damage is separated from the former by several hours and is evidenced by caspase activation and phosphatidylserine (PS) externalization. The delayed emergence of apoptotic neuronal death suggests a possible window of opportunity for targeted therapies.
Methods
Reagents
All chemicals were purchased from Sigma Chemicals (St. Louis, MO) unless otherwise noted.
Isolation and culture of cortical neurons
Animal procedures were performed in accordance with the University of Pittsburgh Animal Care and Use Committee. Primary cortical neuronal cultures were prepared from embryonic day 17 rats. Pregnant Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were anesthetized with CO 2 and killed via decapitation. Embryos were surgically removed from the adult rat and cortices were isolated separately in ice-cold Neurobasal medium (Invitrogen, Carlsbad, CA) supplemented with B-27 (Invitrogen, Carlsbad, CA) and penicillin-streptomycin (Invitrogen, Carlsbad, CA). Tissue was then rinsed twice with the same medium and set in 0.25% trypsin with EDTA (Invitrogen, Carlsbad, CA) for 15 min at 37°C. The tissue was again rinsed twice and triturated in icecold Neurobasal medium to obtain neuronal cell suspension.
Cells were plated at 2.0 · 10 6 cells per ml (3.5 mL/well) onto thin, clear, flexible silicone membranes (Specialty Manufacturing, Saginaw, MI) treated with 0.05% poly-D-lysine hydrobromide (Sigma-Aldrich, St. Louis, MO) for 2 h at room temperature (RT), rinsed twice with Hanks' Balanced Salt Solution (Invitrogen, Carlsbad, CA) , and allowed to dry under a laminar flow hood for 1 h. Experiments were performed at 7-9 days, when cultures consist primarily of neurons ( > 95% microtubule-associated protein [MAP2] immunopositive cells, < 5% glial fibrillary acidic protein immunopositive cells). The culture medium was changed every 2 days.
In vitro TBI model
Trauma was produced using a well established in vitro model (Lusardi et al., 2004) . Briefly, primary neuronal cells cultured on silicone membranes were subjected to a computer-controlled quantifiable mechanical insult by displacing the membrane over a hollowed platform. The membranes were stretched with a known pre-tension across the surface of custom-designed, stainless steel wells that fit into the cell stretch apparatus. Cultures were subjected to a severe mechanical stretch, consisting of a rapid onset strain pulse (10 s -1 strain rate and 50% membrane deformation). Severe stretch was chosen in order to simulate a strain field similar to what occurs in animal models of severe TBI. Sterile technique was strictly followed in all procedures. The neuronal cultures were either returned to the incubator for further observation or subjected to further treatment dependent upon the experiment after mechanical stretch.
Assessment of neuronal viability
Cell viability was assessed using the Alamar blue (Invitrogen, Carlsbad, CA) assay, 3-[4,5-dimethylthiazol-2-yl-]-2,5-diphenyltetrazolium bromide (MTT) assay, and trypan blue dye exclusion assay. Alamar blue assay is based on conversion of cell permeable non-fluorescent compound resazurin to a fluorescent molecule, resorufin, by the reducing environment of living cells (Gartlon et al., 2006; Gil-ad et al., 2001; Shimazawa and Hara, 2006; Shimazawa et al., 2007; Yang et al., 2000) . Cell viability was assessed by the use of 10% resazurin solution for 3 h at 37°C, and then cells were examined for fluorescence at 560/590 nm. Fluorescence was expressed as a percentage of that in control cells (after subtraction of background fluorescence). The MTT solution (5 mg MTT/mL medium) was added to each well 24 h after mechanical stretch at the final concentration of 250 lM and incubated for 3 h. The medium was removed, and cells were dissolved in dimethyl sulfoxide (DMSO). Optical density was determined using a spectrophotometer (Spectra MAX 340, Molecular Devices, Sunnyvale, CA) at 550-nm test and 690-nm reference wavelengths. Neurons were stained with trypan blue, and viability was determined using the trypan blue exclusion assay. Neurons were incubated with 0.4% trypan blue in HBSS for 2 min at room temperature. Neurons were observed under the microscope and counted as stained and unstained cells on a hemacytometer separately, then viable cell ratios were calculated according to the following formula: viable cell ratio (%) = (unstained cell number/total cell number)*100%.
Transmission electron microscopy (TEM)
Neurons were fixed with 2.5% glutaraldehyde in phosphate buffered saline (PBS) (pH = 7.4) for 2 h at RT, then washed, and monolayers of neurons were postfixed in 1% OsO 4 and 1% K 3 Fe(CN) 6 for 1 h at 4°C. After three washings with PBS, the monolayers were dehydrated through a graded series of 30% to 100% ethanol, and then incubated in Polybed 812 epoxy resin (Polysciences, Warrington, PA) for 1h. After several changes of 100% resin (three times for 1 h each), monolayers were polymerized at 37°C overnight with additional hardening at 60°C for 48 h. Ultrathin (60 nm) sections were collected on 200 mesh grids and stained with 2% uranyl acetate in 50% methanol for 10 min followed by 1% lead citrate for 7 min. Sections were observed on a JEM 1210 electron microscope ( JEOL, Peabody, MA) at 80 kV.
Assessment of mitochondrial superoxide production with MitoSOX
The mitochondrial superoxide production was measured by flow cytometry as described ( [Ainslie et al., 2008] and http://bts.ucsf.edu/desai/protocols.html). Briefly, MitoSOX Red (Invitrogen, Carlsbad, CA) was added to the neuronal cultures at a final concentration of 3 lM. The cells were incubated at 37°C for 5 min to allow loading of MitoSOX Red. The neuronal cultures were then fixed with same volume of 4% paraformaldehyde (in PBS, pH7.4) and incubated at RT for 30 min. The cells were then detached with 0.1% trypsin and then spun down 600g at 4°C for 3 min. The cells were washed two times with PBS and placed in a sterile FACS tube at a concentration of 5*10 · 10 6 cells per 100 lL. Cells were stored at 4°C for a maximum of 30 min until the samples were analyzed via flow cytometer (Becton-Dickinson, Franklin Lakes, NJ). Hoechst 33258 (1 lg/mL; Molecular Probes) was added 1 min before flow cytometer analysis.
Mitochondrial cyt c release
Neuronal cells (1 · 10 7 ) were washed in PBS then incubated for 3 min in lysis buffer (75 mM NaCl, 8 mM Na 2 HPO 4 , 1 mM NaH 2 PO 4 , 1 mM EDTA, and 350 lg/mL digitonin). The lysates were centrifuged at 12,000g for 1 min, and the supernatant was collected for cytosolic cyt c analysis. The mitochondria-enriched fraction was resuspended in lysis buffer (25 mM HEPES-KOH pH 7.6; 5 mM MgCl 2 , 0.5 mM EDTA, 10% glycerol, 1 mM dithiothreitol [DTT] , 1 mM phenylmethylsulfonyl fluoride [PMSF]). The suspension was then incubated on ice and sonicated twice for 10 sec each time with a 30-sec interval. The final mitochondrial lysate was spun at 400,000g in an ultracentrifuge (Backman, Fullerton, CA) at 4°C for 25 min. The supernatant was collected for mitochondrial cyt c analysis. Cyt c was detected with Western blot analysis.
Caspase activity
Caspase 3/7 activity was measured using a luminescence Caspase-Glo assay kit obtained from Promega (Madison, WI). Luminescence was determined at baseline and after 1 h incubation at RT using a Fusion-a plate reader (Perkline Cop., Boston MA). Caspase 3/7 activity was expressed as the luminescence produced after 1 h incubation per mg of protein.
PS externalization
Externalization of PS was analyzed by flow cytometry using an Annexin V kit (Biovision, Mountain View, CA). Briefly, cells were harvested at the end of incubation, and then stained with Annexin V-FITC and propidium iodide (PI) prior to analysis. Ten thousand events were collected on a FACScan flow cytometer equipped with a 488-nm argon ion laser and supplied with the Cell Quest software. Cells that were Annexin V-positive and PI-negative were considered as apoptotic cells.
Cytotoxicity detection (lactate dehydrogenase [LDH] release)
The effect of pretreatment with N-acetylcysteine and z-VAD-FMK on cortical neuronal cell injury was quantified by the measurement of LDH at 24 h after the insult. An aliquot of bathing media was combined with NADH and pyruvate solutions. LDH activity is proportional to the rate of pyruvate loss, which was assayed by absorbance change by using a microplate reader (Spectra MAX 340, Molecular Devices, Sunnyvale, CA). Blank LDH levels were subtracted from insult LDH values and results normalized to 100% neuronal death caused by 0.5% Triton X-100 exposure.
Western blot analyses
Cell samples were separated by standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membrane by tank blotting method. Nonspecific binding sites were blocked using 5% nonfat milk containing 0.1% Tween-20 in PBS (pH 7.4). Thereafter, membranes were probed overnight at 4°C with mouse monoclonal anti-4-hydroxynonenal antibody (HNE, 1 lg/mL, clone 198960, R&D systems, Minneapolis, MN), or mouse monoclonal anti-cyt c antibody (1:400, clone 7H8.2C12, MAB1800, Millipore, Billerica, MA) diluted in 5% nonfat milk containing 0.1% Tween-20 in PBS (pH 7.4). After three washes with 0.1% Tween-20 in PBS (pH 7.4), immune complexes were labeled for 2 h with horseradish peroxidase-conjugated antimouse IgG (1:2000, Cell Signaling Technology, Inc. Danvers, MA). After five washes, bound antibodies were visualized by ECL Western Blotting Substrate Kit (Mountain View, CA).
Immunocytochemistry
Neurons were fixed in 2% paraformaldehyde and then incubated with 5% normal donkey serum and 2% bovine serum albumin in PBS containing 0.2% Triton X-100 for 1 h and then incubated overnight at 4°C with primary antibody against MAP2 (1:500, Abcam, Cambridge, MA), followed by an incubation with donkey anti-mouse IgG Alexa Fluor 488 conjugated secondary antibody (1:1000, Invitrogen, Carlsbad, CA) for 1 h at RT. Sections were washed four times in PBS at RT in the dark, with the last wash containing 10 lg/mL 4',6-diamidino-2-phenylindole (DAPI). Cells were examined under inverted florescent microscope Leica DM-IL (Leica, Wetzlar, Germany) equipped with a digital Leica DC300 camera (Leica, Wetzlar, Germany).
Lipid analysis
Total lipids were extracted from neurons by the Folch procedure (Folch et al., 1957) . Lipids were separated by twodimensional high performance thin layer chromatography (2D-HPTLC) (Rouser et al., 1970) . To prevent oxidative modification of phospholipids during separation, plates were treated with methanol containing 1 mM EDTA, 100 lM diethylene triamine pentaacetic acid (DTPA) prior to separation of phospholipids by 2D-HPTLC. The phospholipids were visualized by exposure to iodine vapors and identified by comparison with authentic phospholipid standards. Lipid phosphorus was determined by a micro-method (Bö ttcher et al., 1961) .
Electrospray ionization mass spectrometry (ESI-MS) analysis of phospholipids
ESI-MS analysis was performed by direct infusion into a linear ion-trap mass spectrometer LXQ TM with the Xcalibur operating system (Thermo Fisher Scientific, San Jose, CA). Samples collected after 2D-HPTLC separation were evaporated under N 2 , re-suspended in chloroform:methanol 1:1 v/v (20 pmol/lL) and directly utilized for acquisition of negativeion or positive-ion ESI mass spectra at a flow rate of 5 lL/min. The ESI probe was operated at a voltage differential of 3.5-5.0 kV in the negative or positive ion mode. Capillary temperature was maintained at 70 or 150°C. MSn analysis was performed using isolation width of 1 m/z, five microscans with maximum injection time 1000 ms. Full-scan ESI-MS analysis in the negative ionization mode was used for all phospholipids classes. Additionally, MS-spectra were recorded in positive mode for phosphatidylcholine (PC) and sphingomyelin (Sph). Two ion activation techniques were used for MS analysis: collision-induced dissociation (Q = 0.25, low mass cutoff at 28% of the precursor m/z) and pulsed-Q dissociation technique, with Q = 0.7, and no low mass cutoff for analysis of low molecular weight fragment ions (Schwartz et al., 2005) . Based on MS fragmentation data, chemical structures of lipid molecular species were obtained using ChemDraw and confirmed by comparing with the fragmentation patterns presented in Lipid Map Data Base (www.lipidmaps.org).
Quantification of oxidized molecular species of phospholipids
Lipid hydroperoxides were determined by fluorescence high performance liquid chromatography (HPLC) of resorufin formed in peroxidase-catalyzed reduction of specific phospholipid hydroperoxides with Amplex Ò Red (N-acetyl-3, 7-dihydroxyphenoxazine, Molecular Probes, Eugene, OR) as previously described . In addition, liquid chromatography (LC)/ESI-MS was used for quantitative analysis of oxidized phospholipids as well. LC/MS of phospholipids was performed with Dionex Ultimate TM 3000 HPLC coupled online to a linear ion trap mass spectrometer (LXQ ThermoFisher, San Jose, CA). The lipids were separated on a normal phase column (Luna 3 lm Silica 100A, 150 · 2 mm [Phenomenex]) with flow rate 0.2 mL/min using gradient solvents containing 5 mM 
Statistical analysis
The results are presented as mean -SD unless otherwise specified, with values from at least three independent experiments, and statistical analyses were performed by either FIG. 1. Viability of cortical neurons after stretch injury. Representative photomicrographs of control cortical neurons (a, d) and cortical neurons after mechanical stretch, 10 s -1 strain rate and 50% membrane deformation (b, c, e, f). Stretch injury resulted in damage to the neuronal processes whereas the cell bodies remained intact and attached to the substrate, immediately after stretch (arrows, b, e), and at 24 h after stretch (c, f). Green: microtubule associated protein 2 (MAP2) immunostain; Blue: DAPI stain. Quantification of cell viability at 24 h after stretch injury using Alamar Blue (g) and MTT (h) assays and trypan blue (i) staining. Data are mean -SD, *p < 0.05 vs control, n = 6. Color image is available online at www.liebertonline.com/neu unpaired Student t test or one-way ANOVA. The statistical significance of differences was set at p < 0.05.
Results
Morphological analysis of neuronal cells
Microscopic examination revealed that the characteristic morphology of control neurons (Fig. 1a, d ) with neurites was disrupted by mechanical stretch: an immediate damage to the neurites was evident while the cell bodies remained intact and attached to silastic membranes (Fig. 1b, e) . There was no obvious recovery of cells at 24 h after injury (Fig. 1c, f ) . Assessments of cell viability demonstrated that *35% of neuronal cells were dead 24 h after stretch (Fig. 1g-i) .
TEM evaluation of neurons showed differences in the mitochondrial morphology between sham and stretched neurons (Fig. 2) . Mitochondria in both soma and neurites in control neurons appeared normal with clear cristae structure (Fig. 2a) . Early after injury (1 h), the mitochondria in the neurites were swollen and their cristae were distorted, whereas the mitochondria in the soma of neurons appeared similar to those in control neurons (Fig. 2b) . However, at later time points (12-24 h) after the injury, abnormal mitochondria were observed in both the soma and neurites (Fig. 2c, f, and g ). Furthermore, dying neurons showed features of apoptosis with intact plasma membrane, fragmented nuclei, chromatin clumping, and cytoplasmic vacuoles as well as necrosis with loss of membrane integrity and cell swelling (Fig. 2 e-g ). Mitochondrial ROS production, biomarkers of mitochondrial damage and apoptosis
Analysis of mitochondrial ROS production by MitoSOX using flow cytometry (Fig. 3) revealed a two-phase response to stretch. The initial very rapid production of ROS detectable at early time points (0.5 and 1 h) was followed by a slower, yet significant incremental growth at later time points (up to 24 h).
One can assume that stretch-induced rapid damage of mitochondria in neurites might be associated with the release of their cyt c. Indeed, there was a substantial ( > 2.5-fold) release of cyt c from mitochondria into the cytosol already observed at 0.5 h after the exposure (Fig. 4a) . Cyt c release displayed a two-phase response whereby the initial early release reached a plateau at 1 h. Maximal release of cyt c was observed at 6 h and reached a plateau thereafter. Notably, significant amounts of cyt c remained confined within the mitochondrial compartments during both the earlier and later time points after the impact. Two important biomarkers usually associated with post-mitochondrial stages of apoptosis -caspase activation and PS externalization -revealed significant increases after stretch injury. Caspase -3/7 activity was significantly increased only at time points as late as 12 and 24 h (Fig. 4b) . A slight increase in Annexin V positivity was detected as early as 0.5 h after stretch (Fig.4c) . At 12 and 24 h after stretch injury, a large increase in the number of Annexin V-positive cells associated with PS externalization was observed (Fig. 4c) . PI positivity -corresponding to necrosis -followed the same trend with a lower magnitude. Pre-treatment with z-VAD-FMK improved cell survival as assessed by Annexin V/PI and LDH assays (Fig. 4 d, e) .
In order to dissect the primary mechanical stretch-induced injury versus secondary oxidative stress-induced damage to neurites, we pre-treated neurons with an antioxidant, N-acetylcysteine. This resulted in a significant decrease in cell death as assessed by PI and Annexin V positivity as well as by LDH viability assay (Fig. 4 d, e) . This suggests that both the primary injury to neurites and the secondary oxidative stress-dependent damage contributed to neuronal death after stretch.
Oxidation of phospholipids in stretched neurons
No significant changes in the phospholipid composition in stretched neurons were found (Fig. 5a ). Moreover, all major classes of phospholipids -PC, phosphatidylethanolamine (PE), phosphatidylinositol (PTI), PS, and CL -contained polyunsaturated fatty acid residues with 2, 3, 4, 5, and 6 double bonds, the major peroxidation substrates. Notably, a robust oxidation of CL -a mitochondria-specific phospholipid -was clearly detectable 2 h after the stretch exposure. A smaller scale oxidation of PS was also observed in stretched neurons 2 h after injury ( Fig. 5b; Fig. 6c) . No significant oxidation was detectable in most dominant phospholipid classes -PC, PE and PTI.
To more specifically characterize oxidation of CL and PS, LC-ESI-MS analyses were performed. Typical LC-ESI-MS spectra of CL and PS isolated from primary neurons are presented in Figure 6a and b, respectively. We found that CL molecular species containing linoleic, arachidonic, and docosahexaenoic acids were oxygenated. Moreover, several types of CL oxidation products -with one, two, three, and four oxygens were accumulated in stretched neurons (Fig. 6c) . Among PS molecular species, the ones with oxygenated docosahexaenoic acid were predominantly found in stretched neurons. However, quantitatively, CL underwent a 7.5-fold more robust oxidation than PS. Overall, the results on stretch-induced peroxidation of phospholipids are summarized as a ''Hit-map'' (Fig. 6d) .
Interestingly, evaluation of a nonspecific product of lipid peroxidation, namely 4-HNE adducts with proteins, revealed an early increase (Fig. 7) . The 20 kDa band increased at 2 h and remained high at 12 and 24 h compared to respective control. The increase in 50 kDa band was more delayed and occurred at 12 h and remained high at 24 h compared to control.
Discussion
Derangements in mitochondrial functions have been observed in in vivo models and humans after TBI (Okonkwo and Povlishock, 1999; Robertson, 2004; Singh et al., 2006; Sullivan et al., 1999; Verweij et al., 1997; Xiong et al., 1997) . The central role of mitochondria in intrinsic apoptotic pathways makes cells vulnerable to initiation and progression of death program upon the rupture of the organelles and release of proapoptotic factors. Brain trauma and mechanical stretch injury of neurons may be associated with the breakage of their neurites. It is possible that this will be associated with the mitochondrial mechanical injury and triggering of apoptosis. This implies that suppression of mitochondrial events leading to the release of pro-apoptotic factors may limit traumaassociated death of neurons.
Based on intracellular localization, two populations of neuronal mitochondria have been described that include nonsynaptic (somal) and synaptic mitochondria (Lai et al., 1977) . These two types of mitochondria display different metabolic activities, possibly associated with specific features of the phospholipid composition of their membranes (Kiebish et al., 2008) . In particular, levels of CL were found to be lower, whereas levels of ceramide and PS were higher in synaptic than in somal mitochondria (Kiebish et al., 2008) . Because CL molecules contain four fatty acid residues, they may include many different individual molecular species that can be distinguished by MS-analysis (Sparvero et al., 2010) . Notably, molecular speciation of CLs in somal and synaptic
FIG. 3.
Time course of mitochondrial superoxide generation in cortical neurons after stretch injury assessed by flow cytometry. Insert: histograms demonstrating MitoSOX flouorescence intensities in control neurons and neurons 24 h after stretch. Data are mean -SEM, *p < 0.005 vs. control, n = 6. Color image is available online at www.liebertonline.com/neu mitochondria was found to be similar (Kiebish et al., 2008) . The total amount and the diversity of CLs are dependent upon the de novo synthesis and remodeling, respectively (Schlame, 2008) . Therefore, it is likely that remodeling of CLs is similar, whereas its synthesis is different in synaptic and somal mitochondria of neurons. We found that mitochondria in the neurites were damaged at early time points after mechanical stretch injury, whereas somal mitochondria were significantly more resistant and demonstrated features of structural damage much later after the stretch.
One of the possible reasons for the preferential damage to neurite mitochondria versus soma could be in the mechanical strain imposed on neurites versus soma. It is difficult to know the exact strain distribution for neurites and soma that we examined in our model; however, data from other mechanical cell injury models suggest that the magnitude and orientation of principal strains vary spatially and temporally and depend upon cell morphology. It was shown (Barbee et al., 1994; Kilinc et al., 2008) that fluid shear stress injury on cultured primary chick forebrain neurons caused axonal beading and localized cytoskeletal damage. Beads contained accumulated mitochondria and co-localized with focal microtubule disruptions. Laplaca and Thibault used a device that is a parallel disk viscometer applying fluid shear stress with variable rate Data are mean -SD, *p < 0.05 vs control, n = 3. Note that release of cyt c from mitochondria occurred as early as 30 min after the the insult and peaked at 6 hrs after stretch injury. (b) Changes of caspase 3/7 activity in cortical neurons after stretch injury. Caspase 3/7 activity increased significantly at 12 h after stretch. The activity remained high at 24 h after injury. Data are mean -SD, *p < 0.05 vs control, n = 6. (c) Flow cytometry analysis of Annexin V and propidium iodide (PI) responses of cortical neurons to stretch. Early Annexin V-positivity (phosphatidylserine [PS] externalization) -indicating apoptosis -was markedly enhanced 6 h after stretch. PI positivity -corresponding to necrosisfollowed the same trend with a lower magnitude. Data are mean -SD, *p < 0.05 vs control, n = 3. Effect of pre-treatment with antioxidant N-acetyl cysteine (NAC, 250 lM) and caspase inhibitor (z-VAD-fmk, 25 lM) on stretch-induced neuronal death assessed by flow cytometry analysis of PS externalization and PI positivity (d) and cytotoxicity (lactate dehydrogenase [LDH] release) relative to Triton exposure (e) at 24 h after stretch. Data are mean -SD, *p < 0.05 vs respective vehicle group, n = 4. of onset . They showed that the strain and strain rate for cell bodies and processes of the NT2-N cells (teratoma-derived human neuron like cells) varied widely for a given shear stress stimulus and arrangement. Cells in clumps of four or more had lower average strains than did single neurons or neurites. The wide range of strains observed could be caused by the variation in local forces, the organization and morphology of the neurons, and the spatial orientation and location of the cells and processes on the cell plate. In culture, cell bodies contain fewer adhesion sites as compared to cell processes, and therefore may be less susceptible to mechanical damage in our model. At the tissue level, however, other cell types and the microvascular environment support forces differently from neurons, and have different biochemical responses to traumatic stimuli (Murphy and Horrocks, 1993; . It is also worth mentioning that in neurons, mitochondria are organized in a network -mitochondrion -connected to other membrane structures and systems such as endoplasmic reticulum, nucleus and the cytoskeleton (Kuznetsov et al., 2009 , Mironov, 2009 . Therefore, any strain will be acting not on isolated mitochondria but on the entire branched system; it is possible that structural specificity of mitochondrion in neurites is different from that in the somal area -therefore contributing to the different response to mechanical strain.
Mitochondrial superoxide production has been implicated in trauma-induced neuronal death (Lewen et al., 2001; Sullivan et al., 1999) . Mitochondria targeted hydroethidine (mitohydroethidine or MitoSOX) became a very popular fluorogenic probe for detecting mitochondrial superoxide radical anion; however, its specificity has been recently questioned (Zielonka and Kalyanaraman, 2010) . While the reaction between superoxide and mito-hydroethidine generates a specific red fluorescent product, mito-2-hydroxyethidium, another red fluorescent product, mito-ethidium, is also formed, usually at a much higher concentration than 2-hydroxyethidium. Both oxidation products of mito-hydroethidine bind to mitochondrial DNA with a concomitant manyfold (*40-fold) increase in the quantum yield of fluorescence. Therefore, it is likely that DNAbound mito-hydroethidine oxidation product(s) will be the major contributors to the detectable fluorescence response. We used flow cytometry for quantitative analysis of MitoSOX data (Fig. 3) . According to our protocol, MitoSOX was added to the neuronal cultures and incubated for 5 min after which the cells were fixed with 4% paraformaldehyde to stop the reaction. A similar protocol for flow cytometry using 3.7 % paraformaldehyde after incubation of cells with MitoSOX has been followed in previous studies (Ainslie et al., 2008) . We believe that mitochondrial DNA-bound mito-hydroethidine oxidation products are not readily diffusible from paraformaldehyde-treated cells. Further, we did not correct the MitoSOX distribution across plasma and mitochondrial membrane because of a possible stretch-induced decrease of membrane potentials. Elegant studies by Johnson-Caldwell and associates have shown that a partial depolarization of either membrane could lead to an underestimation of superoxide levels. Clearly, such a correction would have enhanced the difference between the control and stretched samples. We can also add to this that the activity of intracellular esterases catalyzing the hydolysis of triphenylphosphonium moiety, which targets MitoSOX into mitochondria, might be another factor potentially affecting the fluorescence readouts. Overall, however, a relatively poor specificity of mito-hydroethidine for superoxide anion, rather than other possible deficiencies of the technique (such as effects of paraformaldehyde, dependence upon the mitochondrial membrane potential), may be a matter of major concern. Therefore, in the current study, we used other independent measures of oxidative stressWestern blotting of HNE-protein adducts and oxidative lipidomics analysis.
Compared to previous studies evaluating intrinsic caspasemediated apoptosis in primary cortical neurons, the time Two hours after stretch, total lipids were extracted, separated by 2D-HPTLC and phospholipid hydroperoxides (PL-OOH) were determined using Amplex Ò Red protocol. *p < 0.05 stretched vs. control neurons. PL, phospholipids; CL, cardiolipin; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; Sph, Sphingomyelin. course of apoptotic events was different in stretched neurons (Stoica et al., 2003; Tyurin et al., 2008) . In stretch-induced apoptosis, cyt c release into cytosol is unusually fast and there is a delay in caspase activation. The early release of cyt c can be caused by mechanical deformation of the outer mitochondrial membrane with stretch injury and subsequent release of cyt c. There could be several reasons for the observed delay in cyt c release and caspase activation. The initial appearance of small amounts of cyt c triggers a positive feedback loop and further release of cyt c from mitochondria, eventually causing caspase activation. In addition, we have shown that during apoptosis, released cyt c is scavenged by a-synuclein in the cytosol, preventing its interaction with apoptotic protease activating factor 1 (APAF-1) (Bayir et al., 2009 ). Nevertheless, significant amounts of cyt c remained confined within the mitochondrial compartments at early and late time points after the injury, possibly indicating its association with less damaged mitochondria in the soma of neurons.
Another mitochondrial event essential for the release of pro-apoptotic factors from mitochondria into the cytosol is robust oxidation of CL (Kagan et al., 2005; Tyurina et al., 2006) . CL oxidation in neurons was detected as early as 2 h after stretch, when caspases were not activated yet mitochondria in neurites were damaged. Studies from several laboratories documented that execution of the mitochondrial stage of apoptosis is accompanied by oxidation of CL (Iverson and Orrenius, 2004; Kagan et al., 2005; Petrosillo et al., 2006) . We discovered that CL represents a selective target of oxidative attack during apoptosis whereby cyt c forms complexes with CL and catalyzes oxidation of the latter (Kagan et al., 2005; Tyurina et al., 2006) . Most importantly, CL oxidation products are essential for the mitochondrial permeability transition and the release of pro-apoptotic factors into the cytosol (Kagan et al., 2005) .
In the stretched neurons, we observed small but significant amount of Annexin V positivity as early as 30 min after injury. This may be caused, at least in part, by a transient permeabilization of plasma membrane at damaged sites of processes resulting in possible binding of Annexin V to PS in the inner leaflet of the plasma membrane. Acute plasmalemma damage and permeability has been well documented after TBI both in vivo and in vitro (Geddes et al., 2003; Geddes-Klein et al., 2006; Whalen et al., 2008) . In line with earlier published data, caspase-3 activation is associated with nuclear shrinkage, fragmentation, and apoptotic body formation after mechanical stretch injury (Pike et al., 2000) . We found that caspase-3 was significantly activated 12-24 h after stretch. Usually, during caspase-dependent intrinsic apoptosis, caspase activation is followed by PS oxidation and then PS externalization (Kagan et al., 2005) . We have shown that cyt c plays an important role in PS oxidation and externalization ( Jiang et al., 2004) . It is possible that a fraction of the released cyt c interacts with PS resulting in the formation of cyt c/PS complex with peroxidase activity (Kapralov et al., 2007) that induces the accumulation of PS oxidation (PSox) products. PSox are important contributors to externalization of PS on the surface of apoptotic cells and their subsequent clearance (Kagan et al., 2003; Tyurina et al., 2004) .
Several interrelated pathways of cell death -necrosis, necroptosis, caspase-dependent and caspase-independent apoptosis -can occur after stretch injury (Stoica and Faden, 2010) . Improvement in cell survival by pre-treatment with a pancaspase inhibitor, z-VAD-FMK (Pop et al., 2008) , suggests that the caspase-dependent pathway is playing an important role in stretch-induced neuronal death in our model. However, as mentioned, Z-VAD-FMK did not completely attenuate the stretch-induced neuronal death, suggesting that other pathways of cell death are also operating after stretch injury. Interestingly, z-VAD-FMK also protected against accumulation of PI( + )/Annexin V(-) cells as well as against LDH release from injured neurons, therefore indicating that caspasedriven mechanisms also participated in the necrotic cell death pathway; that is, there was a crosstalk between these two cell death pathways. One may assume that incomplete apoptosis and subsequent necrosis are interconnected resulting in the sensitivity of the latter to z-VAD-FMK (Dietz et al., 2007; Suzuki and Koike, 2005) . It is also possible that caspaseindependent apoptotic mechanisms (e.g., calpain-mediated and apoptosis-inducing factor [AIF]-dependent pathways [Cao et al., 2007] ) and necrosis also interact. Furthermore, it has been shown that z-VAD-FMK can also inhibit noncaspase proteases such as cathepsins (Chauvier et al., 2007) . Cathepsins have been implicated in trauma-induced neuronal death. It has been shown that pre-treatment of mice with a cathepsin B inhibitor administered intracerebroventricularly decreases the number of PI ( + ) neurons in cortex after weight drop injury (Luo et al., 2010) .
Prevention of CL oxidation may be a preferred target for anti-apoptotic strategies to protect neurons. Pre-treatment of neurons with N-acetylcysteine resulted in a significant but modest protective effect against stretch-induced cell death compared with z-VAD-FMK. It is possible that nonmitochondria-targeted N-acetylcysteine failed to increase mitochondrial glutathione levels high enough to combat ROS produced during neuronal apoptosis. Indeed, recent studies showed that N-acetylcysteine, at a concentration similar to the one used in our studies, did not have a significant effect on superoxide and hydrogen peroxide levels in mitochondria, whereas a mitochondria-targeted antioxidant SS-31 substantially reduced generation of superoxide and hydrogen peroxide in primary cardiomyocytes (Dai et al., 2007) . Hydrogen peroxide feeds the catalytic peroxidase cycle leading to CL peroxidation. Therefore, in the absence of N-acetylcysteinedriven hydrogen peroxide consumption it is likely that CL peroxidation triggered by stretch remained unchanged. Corroborating this, mitochondria-targeted electron scavengers (nitroxides conjugated with hemigramicidin S or tri-phenylphosphonium), which prevent mitochondrial superoxide formation, have been shown to effectively safeguard cells against pro-apoptotic agents in vitro, and exert protective effects in vivo, after insults associated with significant accumulation of apoptotic cells (i.e., ionizing irradiation or hemorrhagic shock) Macias et al., 2007) . Therefore, our data invoke reasonable optimism toward potentially useful applications of the mitochondriatargeted inhibitors of CL oxidation as anti-apoptotic neuroprotectors after brain trauma. Indeed, our preliminary experiments demonstrated the usefulness and effectiveness of a hemigramicidin S/nitroxide conjugate, XJB-5-131, to exert significant protection of young rats against TBI-induced damage, as evidenced by both biochemical and functional assessments ( Ji et al., 2010) . Corroborating the notion that mitochondrial lipid peroxides are effective therapeutic targets FIG. 7. Formation of HNE-protein adducts in P2 fraction isolated from primary neurons after stretch injury. Using Western blot (a), anti-HNE antibody detected several protein bands with masses ranging from over 50 kD to less than 20 kD in cortical neurons cultured on elastic membranes. Increased levels of HNE protein adducts were observed after stretch (b). Data are mean -SD, *p < 0.05 vs. respective control, n = 3. after TBI, Mustafa and associates showed that U-83836E, a selective scavenger of lipid peroxyl radicals, reduced lipid peroxidation and improved bioenergetics in mitochondria after TBI (Mustafa et al., 2010) .
